ratio. Experiments were carried out at pressures ranging from 0Á8 to 1Á4 GPa and temperatures from 620 to 7408C under different fluid-buffered conditions. The stability of the assemblage garnet^biotite^staurolite/Al 2 SiO 5 at the investigated conditions largely controls the absence of muscovite in K-poor compositions. At 1Á2 GPa and 7008C staurolite is present with garnet þ biotite þ muscovite, replaced by Al 2 SiO 5 at lower pressures through the reaction staurolite þ muscovite þ quartz ¼ garnet þ biotite þ Al 2 SiO 5 þ H 2 O. In K-poor bulk compositions, garnet þ biotite þ staurolite þ gedrite coexist up to 7308C. A compositional reversal of the Mg^Fe partitioning between garnet and staurolite is observed with decreasing pressure and is responsible for the singular equilibrium staurolite þ quartz ¼ Al 2 SiO 5 þ garnet þ H 2 O that governs the high-temperature breakdown of staurolite. Melting is found to depend both on bulk composition and on fluid speciation. The wet solidus is represented by the reaction muscovite þ anorthite þ garnet þ quartz þ H 2 O ¼ melt þ biotite þ Al 2 SiO 5 . Even though staurolite is never recovered at supersolidus conditions, the large pressure^temperature stability field of staurolite þ muscovite and of staurolite þ gedrite suggests that staurolite can be directly involved in melt production through fluid-present or fluid-absent reactions.
I N T RO D UC T I O N
Sediments of terrigenous origin represent a conspicuous part of the cover of the oceanic and continental crust (Taylor & McLennan, 1985; Wedepohl, 1991) . Pelites and greywackes are involved in a variety of processes, from deep mass-transfer in subduction environments (e.g. Chopin, 1984; Smith, 1984; Sobolev & Shatsky, 1990; Reinecke, 1991) responsible for dehydration and fluid release during dehydration (Schmidt et al., 2004) , to partial melting in continental collision zones, which is at the origin of intracrustal differentiation (Clemens & Vielzeuf, 1987) . The evolution of metapelites and metagreywackes can be reconstructed if the dependence of phase relationships on pressure, temperature and bulk composition is well known and, under H 2 O-saturated conditions, if fluid speciation and oxygen fugacity are taken into account.
The compositions of metasediments have traditionally been modelled in the simplified chemical system KFMASH (K 2 O^FeO^MgO^Al 2 O 3^S iO 2^H2 O) (Albee, 1965; Kepezhinskas & Khlestov, 1977; Harte & Hudson, 1979; Spear & Cheney, 1989; Powell & Holland, 1990; Carrington & Harley, 1995) and in complementary systems such as the model CaKMASH (Hoschek, 1990; Hermann, 2002) . However, most of the experiments have been carried out on multi-component natural compositions at temperatures above or close to the solidus (Conrad et al., 1988; Le Breton & Thompson, 1988; Vielzeuf & Holloway, 1988; Patin‹ o-Douce & Johnston, 1991; Skjerlie & Johnston, 1992; Vielzeuf & Montel, 1994; Montel & Vielzeuf, 1997; Patin‹ o-Douce & Harris, 1998; Pickering & Johnston, 1998; Koester et al., 2002; Garc|¤ a-Casco et al., 2003) . In contrast, subsolidus phase relationships at conditions corresponding to an average intermediate^deep crust are still poorly constrained.
Since the advent of thermodynamic databases, computational petrology has been extensively used to infer reactions and equilibria in systems of growing complexity (Spear & Cheney, 1989; Powell & Holland, 1990; Xu et al., 1994; Wei & Powell, 2003; White et al., 2007) but discrepancies still occur between experimental findings and calculated phase equilibria (Corona-Cha' vez et al., 2006) .
At subsolidus conditions, the stability fields of mineral pairs such as garnet^chlorite, chloritoid^biotite and staurolite^biotite mark the metamorphic evolution of common metapelites. Staurolite is typical for intermediate pressure and temperature conditions and was found to be stable with muscovite and quartz up to 1Á7 GPa (Spear, 1993; Poli & Schmidt, 2002) in the simplified model system (Ca)KFMASH. The stability of staurolite above the solidus was first suggested by Thompson & Connolly (1995) and observed in sporadic experiments on fluid-absent melting of metagreywackes (Vielzeuf & Montel, 1994; Montel & Vielzeuf, 1997; Patin‹ o-Douce & Harris, 1998; Castro et al., 1999) . At high temperatures, the experiments by Garc|¤ a- Casco et al. (2003) revealed a more systematic presence of supersolidus staurolite and validated the hypothesis that staurolite can be directly involved in melt production through fluid-present or fluid-absent reactions. However, the rarity of staurolite in high-grade gneisses, coupled to potential limitations in experimental studies, justifies a more accurate investigation in this P^T region.
Although it has been common practice to select the bulk composition used in experimental investigations as a representative of average sediments, the variability of terrigenous sediments is large, notably for components such as Al 2 O 3 or K 2 O, which are expected to strongly control phase assemblages at subsolidus and at near-solidus conditions. Li & Schoonmaker (2003) reported selected analyses of pelagic sediments with Al 2 O 3 contents ranging between 11 and 16 wt %, K 2 O in the range 1Á5^3Á5% and CaO in the range 1^4%, although the highest values are closely related to the amount of apatite present. The calculation of pseudo-sections has been widely used to assess the effect of bulk composition on phase assemblages in high-grade metasediments (White et al., 2001 (White et al., , 2007 , but staurolite is typically not taken into account as a phase relevant for melting processes and is excluded from the calculations.
In this study we investigated various synthetic bulk-rock compositions consistent with previous studies, covering a wide compositional range especially in terms of K 2 O and Al 2 O 3 , to assess the effects of bulk composition on the stability of staurolite-bearing assemblages and the beginning of partial melting.
E X P E R I M E N TA L P RO C E D U R E S Compositional system
Because this study is mainly devoted to the reconstruction of subsolidus phase relationships in model metsedimentary materials, we decided to neglect the contribution of Na, as assumed in previous experimental studies (e.g. Carrington & Harley, 1995) . Na strongly partitions into plagioclase, as the albite component, or into paragonite that may appear as an additional phase. However, the relationships between ferromagnesian phases are not significantly affected, unless the solidus is reached. The results we obtained on the solidus should therefore take into account the absence of this component when compared with natural systems.
Four bulk compositions were investigated in the model system CaO^K 2 O^FeO^MgO^Al 2 O 3^S iO 2^H2 O (hereafter CaKFMASH) ( Table 1) . NM and H are representative for metapelites, NP and L for metagreywackes. The compositions of NM, NP, H and L were estimated from averages of metapelites and paragneisses of the Austroalpine Domain (Eastern Alps), reducing the silica content to minimize the modal abundance of quartz. Bulk compositions are projected in Fig. 1 together with the compositions of starting materials from previous experimental studies (Conrad et al., 1988; Le Breton & Thompson, 1988; Vielzeuf & Holloway, 1988; Patin‹ o-Douce & Johnston, 1991; Skjerlie & Johnston, 1992; Vielzeuf & Montel, 1994; Carrington & Harley, 1995; Patin‹ o-Douce & Harris, 1998; Pickering & Johnston, 1998; Koester et al., 2002; Garc|¤ aCasco et al., 2003) . In the discussion below, mineral abbreviations are after Kretz (1983) , except: Als, Al-silicate (kyanite, sillimanite or andalusite); L, silicate melt; V, H 2 O-bearing fluid.
In the AFM projection (Fig. 1a) NM and H plot above the join almandine^chlorite whereas NP and L plot below as characteristic in low-Al pelites. All bulk compositions have an Mg/(Fe 2þ þ Mg) ¼ 0Á45 (hereafter X Mg ). The K 2 O content is higher in NM and NP, with NM, NP and H plotting in the space delimited by St, Phl/Ann, Msc and Ky/Sil, on both sides of the Als^Phl/Ann tie-line (Fig. 1b) . L has the lowest K 2 O content and is close to the join phlogopite/anniteâ lmandine. H and NM are similar to previous bulk compositions reported in Table 1 from Vielzeuf & Holloway (1988) Koester et al. (2002) (PE-1). The K 2 O content of L is similar to that of Conrad et al. (1988) and the CaO content (Fig. 1c) , between 1Á6 and 3 wt %, is in agreement with that of most of the previous studies.
Starting materials
To promote the synthesis of subsolidus assemblages, gels were prepared according to the method of Hamilton & Henderson (1968) using tetraethylorthosilicate (TEOS) as a source of silica, pure nitric solutions for Ca, K, Mg and Al, and ferric benzoate as an Fe-source (Heald et al., 1969) . Gels were fired at 8008C for 6 h in a vertical gas mixing furnace at fO 2 approaching the quartz^fayalite^magnetite buffer at 1 atm, then seeded with some of the mineral phases expected to be stable in the investigated pressuret emperature range. Pure end-member phases were used as seeds to favor unquestionable identification of relicts, and mixed in proportions that approximate the bulk composition to avoid chemical fractionation. Mixtures of synthetic phlogopite, muscovite, almandine and natural grossular (Val Malenco, Italy) and pyrope (Dora Maira, Western Alps) were used for bulk-compositions H and L (55 wt %). NM and NP were seeded with $2^3% of pyrope. The composition of garnet rims was compared with that of new crystals to assess equilibrium.
Experimental conditions and apparatus
Experiments at 1Á0 and 1Á2 GPa from 650 to 7408C were performed in a single-stage piston cylinder apparatus with 22 mm diameter full salt assemblies at the Dipartimento di Scienze della Terra (Universita' degli Studi) in Milano (Italy). Temperature was measured by K-type thermocouple and considered accurate within AE58C.
Gas apparatus experiments were carried out at 0Á8 GPa from 620 to 7308C at the Laboratoire Magmas and Volcans (CNRS) in Clermont Ferrand (France). The vessel was run horizontally with N 2 as gas medium and heated by a single-zone platinum resistance furnace. Temperature was measured using three B-type thermocouples adjacent to the capsules and the variation over the duration of an experiment ranged from 2 to 58C.
To favour growth of equilibrated phases at subsolidus conditions, run duration was always very long, and lasted up to 590 h ( Table 2 ). All experiments were run at fluid saturation conditions with 10^15 wt % of bi-distilled water added to the experimental charges. At 0Á8 GPa and 700 and 7308C we investigated the effect of oxygen fugacity on phase relations using (1) nickel^nickel oxide (hereafter NNO) and (2) hematite^magnetite (hereafter HM) employing a double-capsule technique (Eugster & Skippen, 1967) , and (3) excess graphite. The mixture graphite^H 2 O controls the volatile species in the C^O^H fluid assuming that only hydration or dehydration NM  55Á00  25Á57  9Á17  4Á20  1Á64  4Á42  100Á00  0Á45   NP  55Á00  22Á48  9Á91  4Á48  2Á65  5Á48  100Á00  0Á45   H  5 4 Á63  25Á75  9Á25  4Á24  2Á95  3Á17  99Á99  0Á45   L  5 3 Á90  16Á01  16Á42  7Á53  2Á62  3Á52  100Á00  0Á45   CEVP  69Á99  12Á96  4Á82  2Á36  1Á67  2Á41  2Á95  0Á70  0Á06  99Á40  0Á47   MS  75Á28  14Á29  2Á40  0Á66  0Á94  2Á40  2Á77  0Á36  0Á13  99Á23  0Á33   MBS  67Á03  16Á26  5Á50  1Á88  1Á06  3Á39  1Á36  0Á79  0Á14  97Á41  0Á38   HP-60-1  77Á14  11Á20  3Á39  1Á23  0Á75  2Á44  1Á42  0Á50  98Á99  0Á39   VH  64Á35  18Á13  6Á26  2Á44  1Á52  2Á56  1Á66  0Á82  0Á09  99Á98  0Á41   LBT1  62Á44  19Á65  5Á77  2Á58  1Á50  3Á07  2Á33  1Á07  0Á04  100Á00  0Á44   LBT2  51Á57  20Á18  10Á40  4Á64  0Á96  5Á32  1Á36  1Á93  0Á05  99Á04  0Á44   PE-1  65Á80  14Á29  6Á52  2Á97  1Á61  3Á16  1Á43  0Á78  0Á12  98Á87  0Á45   IJ44  62Á55  18Á41  6Á73  1Á74  1Á19  3Á37  1Á22  0Á99  0Á15  96Á35  0Á32   1  6 5 Á00  16Á50  7Á00  1Á90  3Á50  1Á90  3Á40  0Á73  0Á10  100Á03  0Á33   AGC150  68Á26  14Á89  4Á67  1Á73  2Á93  2Á05  4Á47  0Á52  0Á06  99Á58  0Á40   HQ-36  57Á36  23Á24  8Á59  2Á72  0Á40  3Á63  0Á48  1Á26  0Á17  97Á85  0Á36   16  66Á27  18Á89  4Á47  4Á38  0Á05  5Á02  99Á08  0Á64 NM, NP, H and L this work; CEVP, Vielzeuf & Montel (1994) governs the H:O ratio of the fluid, which is therefore fixed at 2:1 (Connolly & Cesare, 1993, and references therein) . Because the graphite-saturated surface in the system C^O^H (the 'graphite boundary') approaches the H 2 O component at high-pressure and low-temperature conditions, the speciation on the GCOH fluid surface at X(O) ¼ 1/3 (maximum H 2 O activity; Connolly, 1995) calculated with PerpleX (Connolly, 1990 ) is X H2O ¼ 0Á97 at 1Á0 GPa and 6508C and X H2O ¼ 0Á92 at 0Á8 GPa and 7308C. The oxidation state in the experiments increases in the order fO 2 (GCOH)5fO 2 (NNO)5 fO 2 (HM). The mixture of gel þ H 2 O þ graphite was loaded into single gold sealed capsules; for HM and NNO, the double-capsule technique was used with Ag 50 Pd 50 inner and pure gold outer capsules, both sealed. The fluid content was controlled by repeated heating at 1108C. After unloading, capsules were pierced and the presence of excess water was verified by observation of liquid bubbling out of the capsule or by weight loss after heating at 1208C. Charges were embedded into epoxy resin, sectioned and polished for electron microprobe analysis and scanning electron microscopy (SEM). Compositions were obtained using a JEOL 8200 wavelength-dispersive electron microprobe using natural and synthetic standards at 15 kV, 5 nA beam current.
Approach to equilibrium
Accurate reversal of reactions is beyond the goal of this study because true 'bracketing' techniques are hindered by the poor reactivity of crystalline starting materials at temperatures of 650^7508C and by the smooth variation of complex crystalline solutions throughout the P^T space. Therefore the approach to equilibrium was demonstrated on the base of chemical, textural and petrological arguments: (1) the starting material is completely crystallized, the phases are homogeneously distributed within the capsules and no chemical differentiation occurs; (2) assemblages observed at variable pressure^temperature^fO 2 conditions provide coherent chemographic relations (i.e. no intersections of tie-lines occurs; see below); (3) the variation of mineral chemistry with pressure and temperature is systematic and the element partitioning between coexisting phases is coherent; in garnets, the rims overgrown on almandine, pyrope and grossular seeds have the same composition, within an error of 510%; (4) last, the chemical composition of the phases positively balances the composition of the starting material and the number of phases is consistent with phase-rule constraints. Although the quality of mass balance does not necessarily imply attainment of equilibrium, problems of mass transfer and homogeneity in subsolidus experiments are not uncommon (Carrington & Harley, 1995) . It is worth noting that most seeds are not completely resorbed, and after acting as nucleation sites are isolated from the system. The boundaries with the overgrowths are sharp and suggest that intra-crystalline diffusion is very low at run conditions.
R E S U LT S Phase assemblages
Experimental results are represented in Fig. 2 and details given in Table 2 . Back-scattered electron images of selected experiments are shown in Fig. 3 . All of the experiments exhibit an excellent degree of crystallization with unexpectedly large crystal sizes for subsolidus experiments. Textures are often porphyroblastic, as commonly observed in natural samples. Phases are well distributed throughout the capsules, indicating that no chemical fractionation occurred in the charge during the experiment. Most crystals are euhedral and, in some cases, show dimensions exceeding 100 mm (biotite, Fig. 3b ; cordierite, Fig. 3f ; anorthite, Fig 3h) . Biotite and muscovite mostly constitute a matrix composed of thin 'books', a few micrometres thick, typically 10^30 mm in size. Staurolite (Fig 3e) , anorthite ( Fig. 3c ), and cordierite ( Fig. 3f ) may develop as poikiloblasts. No evidence of zoning is observed in the rims overgrowing seeds.
All subsolidus products contain biotite and quartz. Anorthite is common at subsolidus conditions, replaced by zoisite at 1Á2^1Á4 GPa and 6508C. Staurolite is present at 1Á2, 1Á3, 1Á4 GPa, 6508C and at 1Á2 GPa, 7008C with muscovite þ garnet þ biotite in NM and NP. Staurolite is replaced by Al 2 SiO 5 þ garnet þ biotite at 1Á0 (kyanite stability field) and 0Á8 GPa (sillimanite stability field), 700^7308C. Although unexpected in the kyanite stability field, the occurrence of staurolite þ muscovite at 1Á2 GPa, 7008C might suggest a positive dP/dT slope for staurolite consumption with temperature increase (see below). Garnet growth rims have a maximum thickness of 10 mm in subsolidus experiments, and up to 20 mm in supersolidus run products at 1Á0 GPa, 7408C.
In the low-potassium bulk compositions, L and H, muscovite is never observed and the stability of staurolite extends to 7308C at 0Á8 and 1Á0 GPa; staurolite coexists with a gedritic amphibole. The pair cordierite^staurolite is recovered at 0Á8 GPa, 6808C and at 1Á0 GPa, 7008C in bulk composition L. Although both staurolite and cordierite are texturally equilibrated in these runs and their compositions are consistent with mineral chemistry variations with P and Tand far from seed compositions, their coexistence forces the system to be univariant at fluid-saturated conditions, both at 0Á8 GPa, 6808C (10 phases including graphite and fluid, nine independent components) and at 1Á0 GPa, 7008C (eight phases, seven independent components, oxygen chemical potential buffered by NNO). Because cordierite appearance is restricted to these runs, its occurrence might be ascribed to favourable nucleation kinetics at metastable conditions, as observed by Carrington & Harley (1995) , although the stability of the staurolite^cordierite pair is not unexpected in this temperature range in muscovite-free assemblages (Spear, 1993, p. 482) . Whether coexistence of staurolite and cordierite represents a narrow low-variance field or results from metastability cannot be solved here. Metastability of cordierite^staurolite^biotite^muscovite assemblages has been discussed by Garc|¤ a-Casco & Torres-Rolda¤ n (1999) and Pattison et al. (1999) .
In experiments at 7008C, in bulk composition NM only, at both HM and NNO buffers, we observed a silica-rich, homogeneous phase, embedding biotite, garnet and Al 2 SiO 5 . Conchoidal cracking (Fig. 3d) , the presence of subspherical pores and sensitivity to the electron beam strongly suggest that melting occurred in some experiments. Needle-shaped sillimanite is widespread within the quenched glass. Melting also occurred (1) in bulk composition NP at 7308C, 0Á8 GPa, at both HM and NNO fO 2 , but not at GCOH fluid conditions, and (2) in all bulk compositions at 7408C, 1 GPa ( Fig. 3g) . At supersolidus conditions, quartz is not observed, and muscovite and anorthite are occasionally present. Magnetite was found as accessory phase.
Mineral compositions Biotite
The composition of biotite is reported in Table 3 and normalized to 11 oxygens. According to Guidotti & Dyar (1991) , the Fe 3þ /Fe tot ratio in biotite is substantially independent of metamorphic grade and phase assemblage, but the ratio changes with fO 2 : the average Fe 3þ /Fe tot is 0Á07^0Á12 in graphitic metasediments and 0Á19^0Á27 in samples containing magnetite (references given by Guidotti & Dyar, 1991) . Therefore, analyses were normalized assuming Fe 3þ /Fe tot ¼ 0Á10 in experiments saturated with graphite in the presence of a COH fluid, and 0Á25 for samples equilibrated with magnetite. In those cases where magnetite coexists with graphite, the 0Á10 ratio is used.
Given the limited temperature range investigated, X Mg variations in biotite are mostly related to the bulk composition and therefore to phase assemblage, ranging from X Mg % 0Á5 to a maximum X Mg % 0Á9 at 0Á8 GPa, 7008C in NM. The variation of Al and Si can be related to a Tschermak substitution (Fig. 4) although the Al content is higher than the ideal phlogopite^annite^eastoniteŝ iderophyllite plane. This suggests a coupling with the dioctahedral^trioctahedral substitution, as already observed by Green (1982) and Hermann (2002) . A moderate Al increase with pressure up to 1Á2 GPa is observed.
White mica
White mica was normalized to 11 oxygens (Table 4) assuming a constant Fe 3þ /Fe tot ¼ 0Á5 according to Guidotti et al. (1994) . The composition of white mica changes as a result of the celadonitic substitution Al [IV] 
, coupled with the Al [VI] $ Fe 3þ in the octahedral site and with the dioctahedral^trioctahedral substitution (see Table 4 ). Although the possible occurrence of the latter substitution in synthetic micas has been considered previously, we cannot exclude the possibility that silica contents lower than 3Á0 a.p.f.u. should be ascribed to the analysis of a fine interlayering of white mica and biotite.
The celadonitic component increases with pressure; Si increases from 2Á9^3Á0 a.p.f.u. at 0Á8 GPa to 3Á0^3Á2 a.p.f.u. at 1Á2 GPa. A moderate X Mg increase with pressure is found, notably in bulk composition NP.
Staurolite
Staurolite is present in NM and NP at 1Á3^1Á4 GPa at 6508C and at 1Á2 GPa at 7008C, in L and H within the interval 620^7308C at 0Á8 and 1Á0 GPa. Rietveld refinement of staurolite crystal seeds, produced at 7258C, 1Á1 GPa, and with a graphite-saturated H 2 O-fluid, results 
in unit cell volumes ranging from 739Á6 to 741Á3 -3 , suggesting that staurolite stoichiometry at our synthesis conditions approaches a formula unit based on 30 cations per 48 oxygens (Holdaway et al.,1993) (Table 5 ). The Fe 3þ content of staurolite was fixed to 7% of total Fe as suggested by Holdaway et al. (1991) for oxidized rocks. This leads to X Mg values for staurolite that are on average higher than those reported by Garc|¤ a-Casco et al. (2003), who assumed a value of Fe 3þ fixed to 3Á5% of total Fe. X Mg increases linearly with temperature from 0Á11^0Á13 at 6208C to 0Á230 Á30 at 7308C (Fig. 5) . At 1Á2 GPa, the proportion of X Mg as a function of bulk composition follows the order X Mg (NM) 5 X Mg (NP) 5 X Mg (L). At 7008C and 1Á0 GPa, X Mg ¼ 0Á16^0Á22 in agreement with Garc|¤ a-Casco et al. 
Garnet
Garnet is almandine (60^80%) in composition with 40^20% pyrope and 0^20% grossular (Table 6 ). X Mg and Ca (a.p.f.u.) change with pressure and temperature, with 
740 650 700 650 650
/Fe tot 0Á10 (0Á00) 0Á10 (0Á00) 0Á10 (0Á00) 0Á10 (0Á00) 0Á10 (0Á00) 0Á10 (0Á00) 0Á10 (0Á00) 
/Fe tot 0Á50 (0Á00) 0Á50 (0Á00) 0Á50 (0Á00) 0Á50 (0Á00) 0Á50 (0Á00) 0Á50 (0Á00)
/Fe tot 0Á50 (0Á00) 
T (8C): 700 730 650 700
bulk:
X Mg systematically increasing and Ca decreasing with temperature in H and NP. This is in agreement with Conrad et al. (1988) and Garc|¤ a-Casco et al. (2003) , who observed a decrease in grossular component with increasing temperature and decreasing pressure. In L and NM the behaviour is less systematic.
Gedrite
Orthoamphibole was recovered in bulk composition L and occasionally in H at 1Á0 and 0Á8 GPa. The composition is intermediate between gedrite and Fe-gedrite and it is independent of fO 2 conditions (Table 7 ). The variations of Si and Al are related to a Tschermak substitution, with Al increasing from 1Á98 a.p.f.u. at 6508C to 2Á71a.p.f.u. at 7008C and Si decreasing from 6Á91 to 6Á44 a.p.f.u. (Fig. 6 ).
No relation with pressure was observed. X Mg increases with temperature from 0Á43 at 6508C to 0Á54 at 7308C, and is independent on pressure.
Cordierite
Cordierite was synthesized in L at 0Á8 GPa, 6808C and at 1Á0 GPa, 7008C. The X Mg decreases with pressure and temperature from 0Á65 to 0Á61 (Table 8) . No dependence on fugacity was observed.
Melt
To circumvent possible K loss during the analysis, beam defocusing was applied on run products for bulk compositions NP and H. For bulk composition NM it was not possible to overcome the contamination of Al 2 O 3 caused by the presence of fine-grained Al 2 SiO 5 dispersed within the glass matrix. The composition of the melt in bulk composition NP at 1Á0 GPa and 7408C is granitic, therefore suggesting the assemblage approaches silica saturation, even in the absence of quartz as a visible run product (Table 9 ).
Anorthite
The composition of plagioclase is nearly pure anorthite.
It is always present in the subsolidus, except at 1Á3^1Á4 GPa and 6508C and at 1Á2 GPa and 7008C, where it is replaced by epidote (with up to 0Á8 a.p.f.u. on the basis of 13 oxygens). At supersolidus conditions, it appeared in only one experiment at 0Á8 GPa and 7308C in NP (NNO).
D I S C U S S I O N
This set of experimental data at near-solidus temperature and intermediate pressure conditions reveals a strong dependence of phase assemblages on bulk composition, and subordinately on fO 2 . The stability of staurolite and gedrite, the presence or absence of muscovite, and the melting reactions are discussed below on the basis of chemographic constraints resulting from a comparative examination of the mineral chemistry data and of the phase relations at variable P^T^X conditions.
Fe^Mg partitioning and chemographic analysis
The analysis of the reaction space requires the definition of the chemographic relationships between the phases. The Fe^Mg partitioning is critical for the reciprocal position of minerals in the composition space. In natural metapelites, Barrovian metamorphism is characterized by an X Mg increase following the order X Mg Grt5X Mg St 5X Mg Cld5X Mg Bt5X Mg Chl5X Mg Crd (Thompson, 1976a (Thompson, , 1976b Harte & Hudson, 1979) with X Mg Cld5X Mg Oa5X Mg Bt in low-K sediments (Hudson & Harte, 1985) . Run results for H, L, NM and NP are consistent with such an order. Figure 7a shows FERRI et al.
METAPELITE PHASE RELATIONS Table 6 : Averages of garnet composition (AE1s) from the experiments normalized to 12 oxygens
700 740 650 700 (Fig. 7b ) all three bulk compositions NM, NP and H display the assemblage biotite þ melt þ kyanite þ garnet. Bulk composition L plots outside this volume, and within the melt-free staurolite þ gedrite þ garnet þ biotite field, although not tested at these conditions. Chemographies in Fig. 7a and b therefore demonstrate that even minor variations of the KAlSi 3 O 8 component in sediment compositions are critical at near-solidus conditions and intermediate pressure. The majority of metasediments plot in the muscovite-present space, and are, therefore, expected to undergo melting, but those compositions slightly depleted in K 2 O, such as mixed sediments (Hudson & Harte, 1985) or restitic rocks after melt extraction (Sharma & MacRae, 1981) , should include staurolite and/or gedrite, as we will discuss below.
Conversely, at high pressure, it has been shown that the phase assemblage talc þ chloritoid þ garnet þ phengite (Fig. 7c) is stable relative to the join biotitek yanite, and white mica becomes ubiquitous in metasedimentary materials (Mottana et al., 1990; Poli & Schmidt, 2002) .
Fe^Mg reversal in garnet^staurolite partitioning and singularity along the staurolite breakdown reactions with temperature
The high-temperature occurrence of staurolite in equilibrium with gedrite has been discussed by Hudson & Harte (1985) , Spear (1993) and Xu et al. (1994) . At subsolidus conditions, the presence of staurolite with gedrite has been reported only without muscovite and only in low-K 2 O protoliths such as pelites of unusual composition (Hudson & Harte, 1985; Humphreys, 1993) , restites after partial melting that removed part of the alkalis (Grant, 1968; Sharma & MacRae, 1981) , metavolcanic rocks (Spear & Rumble, 1986) or other metasomatized materials (Dasgupta et al.,1999) . The topology of the staurolite breakdown reactions in muscovite-free, gedrite-bearing assemblages is characterized in the grids of Spear (1993) and Hudson & Harte (1985) by a terminal reaction of the form
Because gedrite has the highest X Mg among these phases, reaction (1) implies an X Mg of staurolite higher than X Mg of garnet, in agreement with the Fe^Mg partitioning commonly adopted in the construction of petrogenetic grids derived from Schreinemakers' analysis of natural assemblages (Harte & Hudson, 1979) . This Fe^Mg distribution is in agreement with the experimental results at 1Á2 GPa, 7008C presented here, and at 1Á0^1Á4 GPa, 700^7758C by Garc|¤ a-Casco et al. (2003) (Fig. 8) . Xu et al. (1994) proposed a stability field for the staurolite þ gedrite pair, restricted to low-pressure conditions, limited by a reaction of the form
Reaction (2) is therefore the result of a reversal in Fe^Mg partitioning between garnet and staurolite, with X Mg staurolite lower than X Mg garnet. Figure 8 shows the Mg^Fe partitioning between staurolite and garnet at different pressure, temperature and bulk compositions. In compositions NM and NP in the presence of muscovite, X Mg staurolite4X Mg garnet and no reversal is observed. In H and L, staurolite coexists with garnet AE gedrite, and Fe^Mg reversal is observed at 0Á8 GPa over the temperature interval 680^7308C in the presence of graphite and a COH fluid. At higher oxygen fugacity (NNO in Fig. 8 ) the partitioning in bulk compositions L and H is normal or close to the reversal, which suggests an important control of fO 2 on Fe^Mg exchange. In experiments buffered by the wu« stite^iron equilibrium, Koch-Mu« ller (1997) demonstrated that the fractionation of Fe^Mg between staurolite and garnet also depends on temperature and bulk composition. bulk:
The experimental observation of a reversal in Fe^Mg partitioning in bulk compositions L and H reveals that the transformation from reaction (1) to reaction (2) at decreasing pressure implies the occurrence of the singular equilibrium (Abart et al., 1992) 
when X Mg St ¼ X Mg Grt. Although phase assemblages synthesized here cannot constrain the location of the singular point, some arguments can be drawn from the comparison with previous experimental occurrences of staurolite þ garnet þ Al 2 SiO 5 assemblages. Staurolite has been synthesized byVielzeuf & Montel (1994) in metagreywackes up to 8008C, 1Á0 GPa, and by Patin‹ o-Douce & Harris (1998) in metapelites up to 8208C, 1Á0 GPa, together with garnet and Al 2 SiO 5 . In this P^T range, the X Mg in garnet has been found to be of the order of 0Á4^0Á5, and X Mg in staurolite 0Á3^0Á4. These data therefore suggest Table 7 : Averages of gedritic amphibole composition (AE1s) from the experiments normalized to 23 oxygens and 15 þ K cations that at %1Á0 GPa and %8008C, reaction (2) has been overstepped. Vielzeuf & Montel (1994) , and Patin‹ o-Douce & Harris (1998) did not record the pair staurolite^gedrite in their experiments. Staurolite and gedrite appear to be mutually exclusive, and gedrite occasionally crystallizes with biotite, garnet and plagioclase even in normal bulk compositions (Conrad et al., 1988; Vielzeuf & Montel, 1994; Patin‹ o-Douce & Beard, 1996; Auzanneau et al., 2006) . It is also worth noting that the recovery of staurolite in supersolidus experiments supports the existence of a fluid-absent melting reaction consuming staurolite (Thompson & Connolly, 1995; Spear et al., 1999; Garc|¤ aCasco et al., 2003) . This reaction, however, has no direct relationship with reaction (3), which is entirely defined in the alkali-free Al 2 O 3^F eO^MgO subsystem and describes the ultimate disappearance of staurolite at high temperature. We might therefore expect that the singular point in the system KFMASH, generating reaction (3), is located at $1 GPa, at temperatures 47008C.
Experimental vs calculated equilibria Staurolite þ muscovite
The breakdown reaction of staurolite in the presence of white mica, quartz and an aqueous fluid has been regarded for a long time as one of the most relevant transformations occurring in the continental crust (Albee, 1965; Harte & Hudson, 1979; Koons & Thompson, 1985) . Despite the advent of internally consistent databases and the development of complex solution models, the stability field of the pair staurolite þ muscovite is still a matter of uncertainty, mostly because of the paucity of experimental data. Petrogenetic grids based on the thermodynamic dataset of Holland & Powell (e.g. Wei & Powell, 2003) , as well as pseudosections derived from this dataset, are characterized by an X Mg of staurolite lower than X Mg of garnet at all P^Tconditions, resulting in the reaction
with a maximum temperature extension to $6708C at the kyanite^sillimanite transformation, and a maximum pressure of 1Á2 GPa at 6308C (Fig. 9c ). In the study by Diener et al. (2008) , the breakdown reaction of staurolite þ muscovite þ quartz is more complex because of the presence of Na-and Ca-bearing phases within the NCKFMASH system and the assemblage staurolite þ muscovite þ quartz does not extend to more than %0Á9 GPa at 6308C (Fig. 9c) . Spear (1993) , in agreement with the analysis of Harte & Hudson (1979) and with the nature of Fe^Mg partitioning in the assemblage Grt^St^Bt^Ms in natural pelites at intermediate^low pressure (see references given by Garc|¤ a-Casco & Torres-Rolda¤ n, 1996), found that X Mg Grt 5 X Mg St 5 X Mg Bt such that the breakdown of staurolite occurs through the reaction
at temperatures as high as 7208C at the kyaniteŝ illimanite transformation, and 6708C at 1Á2 GPa 
( Fig. 9b) . Whether reactions (4) and (5) are both stable, in distinct P^T regions, and whether they are, therefore, linked by a singularity forming the same equilibrium (3) discussed for gedrite-bearing assemblages, has still to be explored, both experimentally and theoretically.
The dP/dTslopes of reactions (4) and (5) are expected to show a major shift from positive to negative moving from the sillimanite to the kyanite stability field. However, such a change was not recorded here (Fig. 2) , as is the case in the experiments in KFASH by Richardson (1968) . This might be due either to metastable growth of sillimanite in the kyanite stability field or to a dP/dT slope gently moving from positive to negative as a result of the varying composition of the complex solid solutions involved in these breakdown reactions. A major curvature of the upper temperature stability limit of the staurolitem uscovite^biotite field within the kyanite stability field has been computed by Wei et al. (2004, fig. 5 ) at pressures between 0Á8 and 1Á0 GPa for a model metapelite composition in the KFMASH and Mn-KFMASH systems. Thompson & Connolly (1995) were the first to discuss explicitly the intersection of the staurolite þ O (cation units) of the assemblages recovered in (a) H, L, NM and NP at 0Á8 GPa, 7308C, (b) H, NM and NP at 1Á0 GPa, 7408C; (c) H and L at 2Á5 GPa, 6008C (see text for details). Noteworthy features are the presence of gedrite in H and L of (a) and melt in H, NM and NP of (b), and the instability of the join kyanite^biotite in (c). In (c) quartz and anorthite are absent (see Table 2 ). muscovite field with the granite solidus, thereby generating a staurolite fluid-absent melting reaction extending to $7208C at 1Á0 GPa, which Spear et al. (1999, fig. 8 ) formalized as
in the system NaKFMASH (Fig. 9b) . Consistent with this hypothesis, Garc|¤ a-Casco et al. Fig. 9 . Comparison between the stability fields of staurolite þ muscovite þ biotite þ quartz and staurolite þ gedrite þ biotite þ quartz: (a) from experiments in this work and by Poli & Schmidt (2002) ; (b) from calculations by Spear (1993) and Spear et al. (1999) ; (c) from calculations by Xu et al. (1994) and Diener et al. (2008) . extends to at least T % 7008C at P !1Á0 GPa, therefore intersecting the solidus in Na-bearing systems. In Na-free systems, the wet solidus is displaced to higher temperatures (see Garc|¤ a-Casco et al., 2003, fig. 10 and below) and staurolite þ muscovite are therefore not expected to participate in melting processes. It is worth noting that staurolite is usually ignored in phase relationships computed to unravel the evolution of the deep continental crust and to predict melting processes in muscovite-bearing rocks (White et al., 2001 (White et al., , 2007 , although its stability in this P^T region is now well established, even in the absence of significant amounts of minor elements, typically Zn. The occurrence of staurolite at relatively high-temperature conditions in simplified Zn-free chemical systems, such as the one investigated here, appears to support the suggestion by Chopin et al. (2003) that Zn exerts a minor role in extending the stability field of staurolite at high grade. Zn, when present in appropriate amounts, is expected to promote the formation of a spinel solid solution as mostly found in granulitic terranes. However, the absence of an experimental determination of the stability field of Zn-staurolite and incomplete data on the properties of Zn-staurolite solid solutions hinders the thermodynamic prediction of phase equilibria in Zn-bearing metasedimentary systems.
At high pressure the pair staurolite þ muscovite is expected to break down according to the equilibrium (Poli & Schmidt, 2002 ) that intersects reaction (5) at 1Á7 GPa, 6508C.
Staurolite þ gedrite
The comparison between the petrogenetic grids of Spear (1993) , Xu et al. (1994) and Diener et al. (2008) and the experimentally derived phase assemblages confirm that muscovite and gedrite never coexist, regardless of the complexity of the investigated system. However, major discrepancies affect the maximum temperature stabilities for staurolite þ gedrite and staurolite þ quartz. The staurolite terminal reaction (1) from Spear (1993, fig. 13 -7, p. 482) defines a maximum temperature of 7208C for staurolite stability (i.e. for staurolite þ gedrite) at the kyanite^sillimanite transformation. In contrast, Xu et al. (1994) in the model system FMASH obtained a very restricted field for staurolite þ gedrite þ quartz, but as a result of the reversed X Mg between staurolite and garnet, staurolite is not involved in the terminal reaction and staurolite þ quartz can persist at high temperatures. In the study by Diener et al. (2008) the addition of Ca and Na stabilizes gedrite with staurolite to pressures comparable with our experimental results, although in this model calculation, gedrite stability exceeds that of staurolite.
Synthesis experiments presented here support a stability range for staurolite þ gedrite extending to $7508C, but staurolite and gedrite appear to be mutually exclusive at temperatures of the order of 8008C (Vielzeuf & Montel, 1994; Patin‹ o-Douce & Beard, 1996; Conrad et al., 1998; Koester et al., 2002) , suggesting that reaction (2) is located in this temperature interval (Fig. 9a) .
Melting in the system KCFMASH
Although the experimental results presented here are broadly consistent, within the P^T uncertainties, with the model KFMASH reaction (Vielzeuf & Holloway, 1988) muscovite þ biotite þ quartz þ H2O ¼ Al 2 SiO 5 þmelt ð8Þ the presence of calcium strongly affects the mass-balance relations and therefore reaction stoichiometry. The systematic absence of anorthite in glass-bearing run products at 1Á0 GPa, 7408C strongly supports the involvement of this phase in the melting process, similar to the model reaction in KCASH Schliested & Johannes, 1984) muscovite
When iron and/or magnesium are added to the system, biotite is produced on the solidus according to reactions of the form (Hoschek, 1990) 
Phase proportions computed by least-squares mass-balance (Fig. 10 , Table 10 ) on subsolidus run products at 7008C, 1Á0^1Á2 GPa compared with phase proportions at 7408C, 1Á0 GPa, are mostly consistent with reaction (10), with the addition of garnet participating as a reactant in the melting process. The occurrence of garnet as a reactant on the solidus has been considered by Garc|¤ a-Casco et al. [2003, their reactions (3) and (5)], by Wei et al. (2004, fig. 2 ) in the model system Mn-KFMASH, and by Auzanneau et al. (2006, fig. 7 ) on phengite fluid-absent reactions. It should be noted that, although emphasis is commonly placed on garnet as a product of melting of metapelites and metagreywackes, this observation mainly refers to biotite-consuming reactions, either fluid-present or fluid-absent; however, the role of ferromagnesian phases on the wet solidus remains ambiguous. The reaction
therefore best accounts for both the mass-balance relations observed here and the model reactions defined in other metapelite systems [reaction (10); Hoschek, 1990; Garc|¤ aCasco et al., 2001; Wei et al., 2004) . Biotite reaction coefficients have been shown to depend on Fe^Mg partitioning between garnet, biotite, and melt. It has been suggested (Garc|¤ a-Casco et al., 2001) that when X Mg Grt 5X Mg Melt5X Mg Bt, biotite appears as a reactant and not as a product of wet melting. Because progression of melting in nature is expected to move the system towards fluid-absent conditions, and the biotite fluid-absent breakdown reaction involves garnet as a product (Vielzeuf & Montel, 1994) , we expect that garnet may display peculiar textural features along a prograde path, first intersecting the wet solidus [reaction (10)], then the biotite fluid-absent melting reaction. Pyle & Spear (1999) demonstrated that minor elements in garnet (Y, Sc, Cr) reveal discontinuities in zoning and resorption features (Pyle & Spear, 1999, fig. 12 ) that match a melting sequence where garnet is first consumed during the muscovite melting reaction [reaction (11) here], then produced on biotite melting [reaction (5b) of Pyle & Spear, 1999] .
C O N C L U S I O N S
Fe^Mg partitioning and K 2 O/Al 2 O 3 ratio have profound effects on phase relationships in metapelites and metagreywackes at near-solidus conditions. The temperature stability of staurolite, the appearance of gedrite and the behaviour of garnet on melting are strongly influenced by variations in bulk composition that are considered to be minor in the context of Barrovian metamorphism. Minor K 2 O depletion may lead the system out of the muscovite field and into the stability range of gedrite at temperatures of $7008C. The importance of staurolite and gedrite on the wet solidi of metapelites and metagreywackes has been undervalued in computational petrology, and a more systematic experimental determination of their stability is required to constrain the evolution of the crust in orogenic belts.
